Abstract-This paper describes a multi-electrode grid, which could be used to determine cardiac tissue parameters by direct measurement. A two pass process is used, where potential measurements are made, during the plateau phase of the action potential, on a subset of these electrodes and these measurements are used to determine the bidomain conductivities. In the first pass, the potential measurements are made on a set of 'closelyspaced' electrodes and the parameters are fitted to the potential measurements in an iterative process using a bidomain model and a solver based on a modified Shor's r-algorithm. This first pass yields the extracellular conductivities. The second pass is similar except that a 'widely-spaced' electrode set is used and this time the intracellular conductivities are recovered. In addition, it is possible to determine the fibre rotation throughout the tissue, since the bidomain model used here is able to include the effects of fibre rotation.
INTRODUCTION
Although the importance of obtaining measurements of cardiac tissue parameters, such as longitudinal and transverse conductivities, has long been recognised, 27 few direct measurements have actually been made. 15, 31, 35 In addition, those parameters found in an indirect fashion, 3, 26, 25 produce considerably different results when used to model situations such as ST segment shift in subendocardial ischaemia, 8, 10 since they vary markedly 28 in value. This variation is not unexpected, given that each of the studies is conducted under particular experimental conditions and different modelling assumptions are used to interpret the results. 20, 21, 32 Since cardiac tissue anisotropy arises not only because of the different electrical conductivity along and across the cardiac fibres and within each of the intracellular and extracellular (interstitial) cardiac tissue spaces, but also because of the rotation of the layers of cardiac fibres between the epicardium and the endocardium, it is also desirable to be able to determine the cardiac tissue fibre rotation. This has usually been found from detailed morphological studies 33 or by slicing away the fibres layer by layer, 17 both of which are difficult and time-consuming.
The basis of most of the electrode systems 2, [14] [15] [16] 23, 31, 35 that are proposed to measure cardiac conductivities, is the four-electrode technique, 21, 29 where current is applied to the outer pair of four equally spaced linear electrodes and potential is measured at the inner pair of electrodes. The studies by van Oosterom et al. 35 and Steendijk et al. 31 differ from the other work cited above, in that, although the cardiac tissue is taken to be anisotropic, it is treated as a monodomain rather than a bidomain. However, for some time, the bidomain model has been accepted as the most appropriate way to model electrical activity in cardiac tissue. 20 Plonsey and Barr 21 showed analytically for the case of equal anisotropy ratios, that current flows almost exclusively in the extracellular space when the electrode spacing is smaller than the space constant, whereas for much larger electrode spacings, some of the current is redirected into the intracellular space. This led to the proposal that in order to determine all the conductivities, measurements must be made along each of the axes (longitudinal and transverse), first using a 'closely-spaced' electrodes and then using a 0090-6964/06/0600-0986/0 C 2006 Biomedical Engineering Society 'widely-spaced' electrodes, where these electrode spacings correspond to the two scenarios mentioned above. 2, 5, 21 Le Guyader et al. 16 extended the ideas of Plonsey and Barr 21 by using a surface probe consisting of two orthogonal rows of four electrodes 14 with an electrode spacing of the order of the space constant, in conjunction with an AC current. In this case, a fraction of the current is redirected from the extracellular domain into the intracellular domain by increasing the frequency of the injected AC current. The cardiac tissue parameters were then calculated using a minimisation procedure, consisting of a first pass to fit the extracellular conductivities, followed by a second pass to fit the remainder of the parameters. The results presented did not include the effect of adding noise to the simulated potentials from which the parameters are recovered.
Barr and Plonsey 2 have proposed the use of a single perpendicularly inserted probe rather than a surface probe. This probe contains a mixture of extracellular electrodes and optical transmembrane potential sensors, which could be used to determine cardiac conductivity as well as membrane resistance. Both 'closely-spaced' and 'widely-spaced' sets of electrodes are used to find these parameters. More recently, Pollard et al. 23 showed that it is necessary to use both of these types of electrode separations to find intra-and extracellular myocyte conductivities in a single cardiac fibre. In this work, mulitsite interstitial stimulation was used along with one dimensional models based on the Luo-Rudy dynamic membrane equations. 7 This work has been extended to use two-dimensional models. 22 Possible practical difficulties associated with these systems include the requirement for tiny electrodes and micrometre electrode spacings 2 and the precision required in manufacturing and calibrating these small electrode systems. 23 It has previously been demonstrated, by Hofer et al. 6 and Kim et al., 11 that it is possible to use microfabricated arrays to record electrograms in superfused guinea pig and perfused mouse and rabbit papillary muscle preparations. Recently, Wiley et al. 38 have measured surface potential components in perfused rabbit ventricular free wall epicardium, again using microfabricated sensors. The interelectrode spacing used was 75 µm and this was systematically compared with recordings from arrays built from chloridised silver wire electrodes of either 50 or 250 µm diameters, with wider electrode spacing. Such studies suggest that the use of microfabricated arrays with micrometre spacing is technically feasible. 22 In order to recover the cardiac parameters from potential measurements, it is necessary to use a cardiac tissue model. This paper makes use of a previously presented 9 mathematical bidomain model, which is able to include the effects of fibre rotation. The model, which is solved using Fourier series and a simple one-dimensional finite difference scheme, is used to produce potential values on a particular multi-electrode grid. Once noise is added to these values, the cardiac tissue fibre rotation and conductivities are recovered using an inversion technique, based on an extension of Tikhonov regularisation to non-linear problems 1 and on a modified Shor's r-algorithm. 13 The design of this particular electrode configuration is also discussed in relation to other multi-electrode grids, which do not work as effectively when recovering the cardiac tissue parameters.
MODEL

Governing Equations
A bidomain model 19, 30, 34 is used to model cardiac tissue, which is represented by a block of length 2L in each of the x and y directions. The epicardium corresponds to the plane at z = 0 and the endocardium to the plane at z = 1. The endocardium is in contact with a volume of blood that extends to infinity in the positive z direction.
The bidomain equations for the intra-and extracellular potentials, φ i and φ e , respectively, are given by
where β is the surface to volume ratio of the cells, R is the specific membrane resistance and I s is the external current source per unit volume applied in the extracellular space. The model is able to include the effects of cardiac fibre rotation and these are represented in the particular form of the conductivity tensors M e and M i , described below. Finally, the blood is a source-free region, and so the electric potential, φ b , in the blood, is governed by Laplace's equation
Conductivity Tensor
In this model, four conductivity values, g il , g it , g el and g et are required to represent the electrical conductivity in the cardiac tissue, where current flows differently within the intracellular (i) and extracellular (e) domains and also either longitudinal (l) to or transverse (t) to the cardiac fibres. The assumption is made here that the conductivity in either direction transverse to the fibres (that is, in the y or z direction) is the same.
Another component of the anisotropy occurs because the layers of fibres rotate relative to one another between the epi-and the endocardium. This is modelled under the following assumptions: the cardiac fibre layers are parallel to the epicardium; 17 the fibres are aligned with the positive x-axis and rotate anticlockwise from the epi-to the endocardium and this rotation varies linearly with depth. 4 Hence, the conductivity tensors are of the form
where q = i or e, c = cos αz, s = sin αz and α is the total fibre rotation angle through the tissue which lies between 0 and π radians. 33 
Boundary Conditions
Equations (1), (2) and (3) are used together with the following set of boundary conditions to solve the model. Firstly, assume that the epicardium is insulated:
The following conditions come from the fact that, at the interface between the tissue and the blood, there is continuity of extracellular potential and current, but the intracellular space is insulated by the extracellular space; 12 that is,
(6) Then, since the blood mass is assumed infinite in the positive z-direction, φ b → 0 as z → ∞ . In addition, assuming that the boundaries of the domain are insulated leads to the conditions that the derivatives of φ e , φ i and φ b in the x and y directions are zero at the x and y boundaries.
Solution Method
Equations (1)- (3), subject to boundary conditions (5) and (6), are solved using a Fourier Series approach, followed by a simple one-dimensional finite difference method. First, assume φ e and φ i are given by
for q = i or e. Substituting these into the differential equations gives two sets of four ordinary differential equations in z for the coefficients C
. Applying a one dimensional finite difference scheme, gives a banded system of linear algebraic equations that are solved numerically for the coefficients using standard techniques. 24 The series is then summed (here to 200 terms for both n and m) to give the potentials. Full details of the solution method can be found in Johnston et al. 9 This method has the advantage, over a Fourier Transform 16 or full numerical approach, that the potentials are calculated only at points, such as the measuring electrodes, where they are required, rather than at all the points on the structured grid defining the model geometry.
Modelling Parameters
The simulations presented here use a nominal set of conductivity values, based on the mean value of g il calculated from the data of Clerc, 3 Roberts et al. 25 and Roberts and Sher. 26 These conductivity values are found using Roth's 28 recipe and are: g il = g el = 0.0026 S/cm , g it = 0.00026 S/cm and g et = 0.00104 S/cm. Again details can be found in Johnston et al. 9 Weidmann's 37 value of β = 2000 cm −1 is used, along with Plonsey and Barr's 21 value for R of 9100 cm 2 . Based on these values, the longitudinal and transverse space constants are 769 and 308 µm, respectively. In addition, an applied current of 50 µA is used, the conductivity of blood, g b , is taken to be 0.0067 S/cm, the fibre rotation angle, α, is set to 2π /3 radians and the block of tissue modelled is 2 cm × 2 cm (i.e., L = 1) and 1 cm thick.
METHODS
A set of 'measured potentials' is produced here using a particular electrode array and the set of nominal values, for conductivities and fibre rotation, from Section 2.5, and this set is used to test the inversion process that will attempt to recover the original conductivity and fibre rotation parameters. It was found that the best results could be obtained using a two pass process, consisting of measurements made on a 'closely-spaced' grid, which are used to find the extracellular conductivities, followed by measurements made on a 'widely-spaced' grid, which are used to refine the intracellular and fibre rotation values, found initially in the first pass.
Inversion Process
The idea of the method presented in this paper is to determine cardiac conductivity parameters and fibre rotation from measurements of certain potential differences. However, the forward model presented in the previous section suggests that the potentials depend non-linearly on the required parameters, of the form
where m is the vector of required parameters and is the vector of measured voltages. G represents the forward model.
One way to obtain the vector m from a knowledge of the vector is to minimise the quantity ||G(m) − || 2 (9) in the least squares sense. This method works provided that there is no noise in the measurement of the vector . In a realistic measurement scenario, this would not be the case and noise would be present. To overcome this problem, it is necessary to minimise the Tikhonov functional
where γ is the regularisation parameter. This functional weights the residual errors ||G(m) − || 2 against the actual size of the solution through the regularisation parameter. For the specific problem being considered here, the Tikhonov functional to be minimised for the first pass through the solver is given by
where φ M is the potential difference between the potential measured at electrode i and the reference electrode and φ C is the potential difference between the potential calculated at electrode i and the reference electrode. The vector m is defined as
T and, due to the different orders of magnitude of the conductivities, O(10 −3 ), and the fibre rotation, O(1), two different regularisation parameters, one of which is three orders of magnitude larger than the other, are utilized. Numerical experimentation has shown that the accuracy of the minimum of this functional is relatively insensitive to the values of γ 1 and γ 2 . It was found that choosing γ 1 = 10 −2 and γ 2 = 10 −5 provided consistent results, when the units of conductivity are in S/cm, the potentials are measured in volts and the units of the fibre rotation angle α are radians. This function is minimised subject to the constraints that 0 ≤ α ≤ π and
A slightly different objective function, f 2 , is used for the second pass through the solver, because g el and g et are held constant and g il and g it and α are allowed to vary:
In each case i is summed over the number of measuring electrodes in the grid (see below).
Minimisation of the functionals f 1 , Eq. (11), and f 2 , Eq. (12), is performed using the SolvOpt solver, 13 which minimises non-linear multivariate functions using a modified Shor's r-algorithm. The termination criterion used here is that the relative error in the value of f 1 (or f 2 ) obtained in two successive iterations is less than 10 −6 . 13 The minimisation procedure yields values for the conductivities g il , g it , g el and g et and the fibre rotation angle α. 
Electrode Array
The electrode array used here consists of 17 vertical probes, each containing two electrodes, so that two 'layers' of electrodes are formed, one at z = 0.03 and one at z = 0.06 cm, as shown in cross-section in Fig. 1(a) and (b) or Fig. 2(a) and (b) . The array is aligned in the longitudinal and transverse directions as shown. A subset of 18 of these 34 electrodes, as shown in Fig. 1 , is used in the first pass to produce the first set of 'measured potentials.' This grid uses a spacing of 500 µm between pairs of electrodes in each layer and if the current source is regarded as being at the position (0, 0, 0.03) cm, then the sink is at (0.05, 0.05, 0.06) cm. A different subset of 20 of the electrodes is used for the second pass of the process; within each layer the measuring electrodes are 1000 µm = 1mm apart and the source and sink are at (−0.05, −0.05, 0.03) cm and (0.05, 0.05, 0.06) cm, respectively. 
First Pass
The 'closely-spaced ' electrode configuration, described in Section 3.2, is used, in conjunction with the set of nominal conductivities from Section 2.5 and a value of 2π /3 for the fibre rotation, to produce a set of 'measured potentials' at the electrodes shown in Fig. 1 . Before applying the inversion process to attempt to recover these starting values, noise is added to the potential measurements. The five parameters g il , g it , g el , g et and α are fitted simultaneously in the first pass through the solver, using f 1 from equation (11) with starting values of 1×10 −3 for g il , g el and g et , 1×10
−4
for g it and 0.5 for α.
Second Pass
Next the 'widely-spaced' grid, shown in Fig. 2 , is used in conjunction with the conductivities and value of fibre rotation from Section 2.5, to produce a second set of 'measured potentials' to which noise is added before the inversion process takes place. In this case, the values found for g el and g et from the first pass through the solver are now fixed and the SolvOpt 13 algorithm is used with f 2 from equation (12) 
Percentage Relative Error
The parameters, p C , found by the inversion process, are compared with those parameters, p, in the generating set, by means of the percentage relative error defined by
where the parameters, p, are the nominal conductivity and the fibre rotation angle values given in Section 2.5.
RESULTS
First Pass
The 'closely-spaced' electrode configuration, described in Section 3.2 and shown in Fig. 1 , is used, in conjunction with the set of conductivities given in Section 2.5, plus a value of 2π /3 for the fibre rotation angle, to generate a set of 'measured potentials.' Random noise of 1, 2 or 5% is added to these values and the inversion technique of Section 3.1 is used to recover all four conductivity values and a value for the fibre rotation angle. These values are compared with the original values by means of the percentage relative error, defined in Section 3.5. Then the percentage relative error for each parameter is averaged, over the five inversions which correspond to recovering the parameters when different starting potentials are generated by randomly adding a particular amount of noise to the 'measured potentials'.
These average relative errors are given in Table 1 for g el and g et only and in Table 2 , in the rows for grid spacing 500 µm, for all the parameters. The recovered extracellular values are very accurate, with average percentage relative errors that are considerably less than the noise added. In particular, for 1% noise, very accurate values of 0.3 and 0.2% average relative errors for g el and g et are found.
Typical plots of percentage relative error for the extracellular conductivity values, intracellular conductivity values and the fibre rotation angle versus the iteration number in the SolvOpt routine, 13 for 1% noise added, are shown in Figs. 3, 4 and 5, respectively. In this example, the first pass consists of 56 iterations (Fig. 3, first 
Figs. 4 and 5)
. It can be seen that the percentage relative error for the extracellular conductivities (Fig. 3) becomes less than the noise added before about half of the total number of iterations required to recover all five of the parameters and converges to consistent values after about 45 iterations. This is also true for the intracellular conductivities (Fig. 4) and the fibre rotation angle (Fig. 5) , except that the values for g il and g it are less accurate than those for g el and g et , as can be seen in Table 2 . However, these are good starting values for the second pass through the solver, as is the fibre rotation value.
Second Pass
Next the 'widely-spaced' electrode set, described in Section 3.1 and shown in Fig. 2 , is used to generate a second set of 'measured potentials', to which random noise is added. A second pass through the solver, using the method described in Section 3.4, then refines the values for the intracellular conductivity and fibre rotation angle, found in the first pass. This is demonstrated in the second part of Figs. 4 and 5 , where the relative errors drop between the start and end of the second pass. Figure 5 for the fibre rotation angle is atypical in that there is very little improvement in the relative error between the first and second pass; this is probably due to the fact that, in this particular simulation, the fibre rotation angle has already been recovered very accurately in the first pass. Note that the jump in the values of g il and g it at iteration 57 is related to the start of the second pass and is not significant.
For each category of noise, 1, 2 or 5%, the five first pass runs are used as input for five new second pass runs, corresponding to adding this amount of noise, so the percentage relative error is averaged over 25 runs in this case. Results can be found in Table 1 for g il , g it and α. A comparison of the first pass values for these parameters, which can be found in Table 2 (for 500µm grid spacing) with the second pass values in Table 1 , shows a considerable improvement from the first to the second pass for all the parameters; for example, the average percentage relative error for g il improves from 24.3 to 9.1% for the 2% noise case. It is clear however, from Table 1 , that the intracellular conductivities are more susceptible to noise than the extracellular conductivities and that the fibre rotation angle falls somewhere between these two categories in terms of the ease with which it can be recovered from the measured potentials.
Electrode Spacing
In addition to presenting the average percentage relative errors found in the first pass, as discussed in Section 4.1, Table 2 also contains the same type of information for the situation where the grid spacing within each layer of Fig. 1(a) and (b) is now 250 µm instead of 500 µm. The idea here is to see if using a smaller grid spacing would improve the values found for the extracellular potentials.
In fact, the change to the closer electrode spacing does not appear to have much effect on the extracellular conductivities, as there is no change to the percentage relative errors for 1% noise, and for the other noise categories, an increase in the percentage relative error for one parameter corresponds to a decrease for the other parameter.
As would be expected, the errors for the intracellular potentials are considerably higher for the 250 µm grid than the 500 µm grid, since the former grid spacing corresponds to the situation where the electrode spacing is smaller than the space constant (see Section 2.5) and therefore almost all the current is moving in the extracellular space. 21 Finally, the situation for the fibre rotation seems to indicate that the errors for the fibre rotation angle are generally lower or the same for the 500 µm grid as for the 250 µm grid.
DISCUSSION
Electrode Configurations
This paper has presented two sets of electrode configurations, contained within the one array of electrodes, and a method describing how they can be used to recover the four cardiac tissue conductivities and the fibre rotation angle from voltage measurements at the electrodes. The grid consists of 17 dual-electrode probes, which are placed 500 µm apart. Different subsets of these electrodes are used in making the measurements; a 'closely-spaced' subset with electrode spacing 500 µm (Fig. 1) and a 'widely-spaced' subset with electrode spacing 1 mm (Fig. 2) . These electrode configurations were chosen, after extensive testing of alternate electrode placements, as being those that best recovered the set of initial parameters, based on minimising the relative error of the difference between the initial and recovered values of the parameters. The reason for setting up the grid in this fashion was so that it could be built as one unit and therefore inserted into the tissue only once, but could produce results for both intra-and extracellular conductivities.
During this testing it was found that it appears to be necessary to make measurements on multiple probes in order to generate sufficient data for the inversion process to work, as various other electrode arrangements, such as, for example, multiple electrodes on two probes or even two sets of dual-electrode probes, arranged in an 'L' shape rather than a full grid, did not recover the parameters with sufficient accuracy.
Source and Sink Electrodes
Another aspect of the grid chosen is the choice of placement of the source and sink electrodes. Again, many different placements were investigated and the choices shown in Figs. 1 and 2 were found to produce the best results. Notice that in each case, the source and sink are placed at different vertical heights (that is, one in each layer 300 µm apart) and that they are not placed on the one probe. This is so that both the longitudinal and transverse conductivities can be picked up because the source and sink are not aligned along either of those two directions. Also, because it is desired to recover the fibre rotation angle as well, the source and sink cannot be on the one probe as the potentials measured on a single probe are not affected by changes in fibre rotation angle. 9 Another point relates to the magnitude of the current applied. It was found that applying a current of 50 µA with the grid used here, as opposed to 5 µA used by Barr and Plonsey, 2 allows much more accurate recovery of the original parameters, since it reduces the relative noise levels. Although the 50 µA current is just above the threshold for action potential generation, 5 it is possible to make the measurements during the action potential plateau phase, which limits the possibility of inducing an active response. 23 
Choice of Electrode Spacings
Based on the analytic work of Plonsey and Barr, 21 who studied current flows using the four-electrode technique for a scenario with an equal anisotropy ratio, it might have been thought that it would be necessary to use a 'close' electrode spacing which is less than the space constant. This is because this scenario corresponds to current flowing almost entirely in the extracellular space and this would presumably facilitate the recovery of the extracellular conductivities from the potential measurements.
Before choosing the electrode spacing it is instructive to examine the values for the space constant for the various published values for the cardiac conductivities. These can be found in Table 3 where the values from Section 2.5 for R and β have been assigned to the first three authors for the purpose of comparison, since the values are not available in these cases. There is a considerable variation in both the longitudinal value, λ l , from 471 to 1052 µm and in the transverse value, λ t , from 196 to 439 µm. However, the value of the ratio λ l /λ t is consistently around 2.5, except for the work of Roberts and Sher. 26 Note that this ratio is independent of the values of R and β since these parameters cancel out in the ratio. It can be seen that the 'close' electrode spacing of 500 µm used here falls between the values of the longitudinal and transverse space constants of 769 and 308 µm respectively and is thus of the same order as the space constant.
Consideration of the graphs of Plonsey and Barr 21 which show potential versus position for the three scenarios (a), , λ l , and transverse, λ t , space constants (in microns) using conductivity values from various authors.
Clerc 3
Roberts et al. 25 Roberts and Sher 26 Plonsey and Barr 21 Le Guyader et al. 15 Le Guyader et al. 16 Barr Note. Values of R = 9100 cm 2 and β = 2000 cm −1 are assumed for the first three authors, since they are not available in these cases.
(b) and (c), where the electrode spacing is respectively much less than, equal to and much greater than the space constant, reveals that the source and sink electrodes are placed at a distance of 2 × (space constant) apart and that the measuring electrodes are 2 3 ×(space constant) apart. This fits well with the placement of the source and sink in the array used here, since they are 768 µm apart compared with 2×308 = 616 µm and 2×769 = 1538 µm (see Table 3 ). So the measurements on the 500 µm grid are either (a) or (b) scenarios. Since in scenario (b) the current still flows mostly through the extracellular space, 21 it is perhaps not so surprising that the extracellular conductivities can be recovered using a 500 µm electrode spacing, particularly bearing in mind that the potential measurements are being made on a far more complex grid than the usual four-electrode probe.
The second pass uses an electrode spacing within each layer of 1000 µm and this corresponds to the case of Plonsey and Barr 21 where the electrode spacing is much greater than the space constant. In this case the current is flowing in both the extracellular and intracellular spaces and therefore the potentials obtained may be sufficiently sensitive to changes in the intracellular conductivities to allow them to be recovered. This has proved to be the case, although the results have higher relative errors than for the extracellular conductivities. It might be thought that increasing the electrode spacing still further could produce better results for the intracellular conductivities, but this was not found, perhaps because the magnitude of the potentials drops for more widely spaced electrodes.
Limitations of the Method
Fibre rotation throughout the tissue is modelled here under a number of assumptions: fibre rotation is assumed to vary linearly with depth; the imburcation angle, the angle of inclination of the fibres relative to the epicardial surface, is assumed to be zero (these are both reasonably common modelling assumptions 4 ); the fibre sheets are assumed to be parallel with the epicardium. This means that the method is applicable at all points except near the apex and base of the heart. 17 Here, the intracellular conductivities do not include separate components for the myoplasmic and gap junction contributions to the conductivity and it is assumed that the conductivities in the two transverse directions (y and z) are equal. In addition, the work presented here assumes that the grid can be placed in the tissue without causing significant injury currents 18 and that it is aligned with the longitudinal and transverse directions, as shown in Figs. 1 and 2 . This can be achieved using techniques published elsewhere. 25, 31, 36 
Advantages of the Proposed Grid
Recently some authors have suggested using much smaller electrode spacings than those used here. For example, Barr and Plonsey 2 propose using a 'close' spacing of 50 µm and a 'wide' spacing of 200 µm for a vertical probe of total length 1 mm. In their scenario λ l = 1052 µm and λ t = 439 µm (see Table 3 ). They suggest that an advantage of such a small probe is that the assumption need only be made that the tissue is uniform over about 1 mm. 2 However, since the model being used here does include fibre rotation, such small electrode spacings are not necessary and, as discussed in Section 4.3, simulations using a smaller 250 µm spacing with the proposed grid do not produce lower relative errors for the extracellular conductivities.
Alternatively, there are advantages associated with using the wider 500 µm spaced grid proposed here. The wider electrode removes the necessity of fabricating arrays with very small electrode spacings and also any problems related to the fact that such spacings are smaller than the length of cardiac cells (100-150 µm), 21 where the bidomain model may no longer be valid.
5
CONCLUSIONS
A multi-electrode grid, plus a method for using 'closelyspaced'and 'widely-spaced' subsets of these electrodes, has been proposed here, for use in determining intra-and extracellular cardiac tissue conductivities, as well as fibre rotation angle. These subsets correspond to inter-electrode spacings of 500 and 1000 µm, respectively, compared with longitudinal and transverse space constants of 769 and 308 µm, respectively. The cardiac parameters are found, from voltage measurements made on the grid, by applying an inversion technique based on Tikhonov regularisation and a modified Shor's r-algorithm.
In the simulations conducted here, a previously proposed bidomain model 9 which includes fibre rotation, is used with a set of nominal parameter values to generate a set of ' measured potentials', to which 1, 2 or 5% noise is added. The parameters are recovered in two passes; the first uses the 'closely-spaced' grid and recovers the extracellular conductivities and the second refines the intracellular conductivities and the fibre rotation, found initially in the first pass, using the 'widely-spaced' grid. The extracellular conductivities are recovered very accurately with average percentage relative errors generally around half or less than the noise added; for example, for 1% noise, the average percentage relative errors are 0.3 and 0.2% for g el and g et , respectively. The intracellular conductivities are more susceptible to noise than the extracellular conductivities, with average percentage relative errors generally lying between 2.5 and 4 times the added noise. It is also possible to recover the fibre rotation angle quite accurately, with average percentage relative errors of 1.4, 2.0 and 8.2% for 1, 2 and 5% noise, respectively.
An extension of the model and the method, to include the use of an applied AC current, may also allow the determination of further cardiac parameters.
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